Atomistic thermodynamic calculations are performed in order to examine the energetic% of self-diffusion in GaAs. An energetic assessment of the activation enthalpy of the saddle-point configuration of various modes of vacancy self-diffusion indicates second-nearest-neighbor hopping to be the energetically most favorable mechanism if vacancies are available in equilibrium concentrations. An assessment of the activation entropy indicates that normal diffusion prefactors of magnitude Do-10 -5-10 -' s, cm2 s -' are consistent with vacancy self-diffusion by second-nearest-neighbor hopping. It is proposed that self-diffusion experiments characterized by prefactors and activation energies of large magnitude, e.g., D,,=: lo'-lo8 cm* s-' and E (I z 6 eV, involve processes in which surface vacancy generation is inhibited and self-diffusion is mediated by Frenkel pair generation.
I. INTRODUCTION
The first study' of GaAs self-diffusion was performed by Goldstein, using radioactive tracer analysis, who reported the diffusivity of Ga and As to be DGa= 1 x 10' exp( -5.6 eV/kBT)cm2 s -',
DAs=4x lo*' exp( -10.2 eV/kBT)cm2 SC'.
Goldstein comments that these activation energies and prefactors are among the largest in the existent literature. Potts and Pearson* estimated an activation enthalpy of 3 eV for As vacancy migration in GaAs from lattice constant annealing experiments and note that their estimate is at odds with Goldstein's reported value of 10.2 eV. In later work, Chiang and Pearson reported3 activation energies of 2.1 and 4.0 eV for gallium and arsenic vacancy migration, respectively. Kendall questions4 the accuracy of Goldstein's selfdiffusion coefficients, pointing out that self-diffusion in GaAs proceeds at an exceedingly slow rate and that there are formidable experimental difficulties which preclude accurate assessment of these quantities. He also asserts that Goldstein' s estimates are too low because of problems associated with the incongruent evaporation of As from the GaAs surface. From a limited number of isolated data points obtained from radioactive isotope measurements, Kendall estimates an As self-diffusion activation energy of 3.2 eV.
The most recent experimental work on GaAs selfdiffusion was reported6, ' by Palfrey et al. and reviewed' by Willoughby. Radioactive tracer experiments were performed at a constant As pressure [P(As2) = 0.75 atm] over a temperature range of 1025-l 100 "C for Ga self-diffusion and 1000-1075 "C for As self-diffusion with the resulting diffusion coefficients as follows: DGa= (4x 10p5* 16X 10e5)exp ( -2.6 f 0.5 eV/kBT) cm2 s - ', DAs= (5.5~ 10e4f2.4x 10e4)exp ( -3.0 (3) ho.04 eV/KBT)cm* s -'.
For Ga self-diffusion, Palfrey et al. conclude6 that there is a single mechanism operative rather than a complex one but that the diffusion mechanism cannot be concluded definitively from their data. They note that the very slow rate of self-diffusion and high activation energy is inconsistent with a simple interstitial mechanism and that the observed magnitudes of these quantities can be interpreted as evidence for some type of vacancy mechanism. For As selfdiffusion, Palfrey et al. note that an increase in the As overpressure to P(As,) = 3.0 atm results in a decrease in the As diffusivity at a constant temperature. They note that this decrease in the diffusivity with increasing As pressure is inconsistent with interstitial diffusion, As migration via AsGa antisite defects moving exclusively on the Ga sublattice, and with diffusion via AsGa-VAs pairs. In contrast, such an As pressure dependence is consistent with As second-nearest-neighbor hopping (2nnh). New insights into the nature of GaAs self-diffusion have been obtained recently from impurity-induced layer disordering (IIlD) studies of AlGaAs/GaAs quantumwell heterostructures (QWHs) and superlattices (SLs), as reviewed' by Deppe and Holonyak. For example, annealing experiments of QWHs indicate that under As-rich conditions intermixing occurs, as monitored by cation migration, for n-type materials whereas p-type QWHs remain stable and exhibit no intermixing. In contrast, under Aspoor conditions, P-type QWHs undergo intermixing but no intermixing occurs when the doping is n type. Cation migration, and hence intermixing, of QWHs depends upon the As vapor pressure because diffusion is mediated by native defects whose concentration is a function of the As pressure. As-rich conditions favor the formation of As antisites, column-III vacancies, or As interstitials whereas As-poor conditions favor the formation of column-III antisites, As vacancies, or column-III interstitials. Additionally, as discussed further later in this paper, n-type doping favors the formation of acceptor defects whereas p-type doping makes donor defects energetically more favorable. As reviewed by Deppe and Holonyak, these considerations have led certain researchers to conclude that intermixing under As-rich conditions is mediated by column-III vacancies while As-poor intermixing trends are attributed to column III self-interstitials.
The IILD trends as a function of As overpressure and doping discussed previously should also apply to GaAs self-diffusion. The close interrelationship between GaAs self-diffusion and IILD is perhaps best demonstrated by the work" of Tan and Gosele, who found that all of the available Ga self-diffusion in GaAs data as well as Al-Ga interdiffusion data under intrinsic carrier conditions could be accurately fit to activation energy of 2.9 eV and that the diffusion coefficient scales linearly with the Te carrier concentration instead of to the third power, as found for Si intermixing. Tan and Gosele have reinterpreted" the Te-induced intermixing data of Mei et al. assuming that not all of the Te incorporated into the superlattice is electrically active, and have argued that this data may be interpreted to have a cubic dependence on the carrier concentration. Regardless of which interpretation is correct, Mei et al.3 data is convincing evidence that superlattice interdiffusion depends on the nature of the dopant employed. DGa( n,) = 2.9 x lo8 exp( -6 eV/kBT)cm2 s -'.
Note that this relation includes the self-diffusion data'*' of both Goldstein and Palfrey et al. Since the Al-Ga interdiffusion of various investigators"-'5 correlates well with Ga self-diffusion in GaAs, it would appear that Al-Ga interdiffusion is rate limited by the diffusion of Ga. Furthermore, Tan and Giisele conclude that Ga self-diffusion is controlled by the position of the Fermi level and is governed by a triply negatively charged point-defect specie, which they attribute to a triply negatively charged Ga vacancy. Their contention that Ga self-diffusion involves a triply negatively charged defect is based on an assessment of the experimental dataI of Mei et al. in which they find that for Si doping, the ratio of the extrinsic to intrinsic diffusivity scales as the cube of the ratio of the carrier concentration to the intrinsic concentration, i.e., Dca(n)/Dca(ni)=(n/ni)3.
This cubic power dependence implies a triply negatively ionized defect.
Guido et al. have demonstratedI the importance of encapsulation during IILD of AlGaAs-GaAs superlattices. They found that the interdiffusion coefficient was approximately one order of magnitude smaller for a Si3N4 encapsulant compared to a Si02 encapsulant or an As overpressure. This trend is attributed to the fact that Si,N, seals the surface with respect to Ga outdiffusion and is, therefore, not a source of vacancies. In contrast, Si02 is porous to Ga outdiffusion and is thus an effective source of vacancies. Likewise, an As overpressure will increase the tendency to form column-III vacancies. Thus, this work provides evidence that Al-Ga interdiffusion is a vacancy-mediated process. Guido et al. also report activation energies of -3.42 and -3.61 eV for Si,N, and Si02, respectively, and -4.75 eV for an As overpressure. Ralston et al. have reported" an activation energy of 3.82 eV for SiO, encapsulated interdiffusion. Guido et al. attribute the smaller activation energy for SiOz or Si3N4 to strain induced by the encapsulant. Thus, they conclude that the activation energy for Al-Ga interdiffusion is -4.7 eV under strain-free conditions.
Mei et al. reportI a single activation energy of -4 eV for silicon-induced intermixing of AlAs-GaAs superlattices. In further work, Mei et al. foundn' that Te-induced AlAs-GaAs superlattice intermixing is characterized by an A summary of GaAs diffusion and superlattice interdiffusion data is given in Table I . Note the lack of agreement between various researchers. Although it is difficult to draw any firm conclusions from the existent data, it would appear that researchers deduce an activation energy of either -3-4 eV or of about 6 eV for Ga diffusion. Note also that a large activation energy is concomitant with an exceedingly large prefactor.
The purpose of the work discussed herein is to estimate the energetics of GaAs self-diffusion in order to elucidate possible self-diffusion mechanisms. Self-diffusion modes involving vacancies are of primary consideration, although interstitials in the form of Frenkel pairs are invoked in the discussion section. First, the activation enthalpies for various modes of self-diffusion are estimated. The minimum saddle-point activation enthalpy for vacancy self-diffusion mechanisms occurs for 2nnh with a value of -3-4 eV, depending upon the location of the Fermi level. Second, the entropy of activation for several modes of self-diffusion is estimated. It is concluded that the magnitude of the entrqpy of activation for 2nnh is consistent with normal self-diffusion prefactors of magnitude Do N 10 -5-10 -' cm* s -t. It is also shown that self-diffusion mechanisms involving nearest-neighbor hopping (nnh) possess very large activation entropies and energies. Although the energetic analysis indicates nnh to be characterized by abnormally large activation entropies and enthalpies, the deduced values are not in quantitative agreement with the self-diffusion parameters reported" by Tan and Gosele. Furthermore, it is difficult to understand why, if vacancies are available, self-diffusion should occur by nnh instead of 2nnh since 2nnh is much more energetically favorable. Therefore, according to our self-diffusion energetic estimates we conclude that if vacancies are available in equilibrium concentrations, self-diffusion should proceed by 2nnh with self-diffusion characterized by Do 1O-5-1O-' cm* s-t and E, Y 34 eV. On the other End, if surface-vacancy generation is precluded by the fact that diffusion occurs in the bulk, remote from surfaces and dislocations, we suggest that the rate-limiting step of selfdiffusion is Frenkel pair generation which is characterized by Do 2: lo'-10' cm* s-' and E, E 6 eV for cation selfdiffusion.
II. INTRINSIC POINT-DEFECT ENERGETICS
Atomistic thermodynamics is the application of macroscopic thermodynamic principles to the study of materials on the atomic scale. The approach adopted in this paper relies heavily on the work of Van Vechten, as reviewed in Ref. 20 . The underlying premise of the present work is that microscopic identification of the point-defect complex or defect mechanism can be accomplished by calculating the enthalpy of formation AHf of various possible defects or mechanisms, the one with the smallest AH/ being the most likely to occur. Although at constant temperature and pressure the thermodynamic potential of relevance is the Gibbs free energy AGj, it is common practice, and usually sufficiently accurate, to neglect the entropy contribution to AGf and to thus approximate AGf by AHP We will implicitly assume this to be the case in the following treatment.
The following assumptions are made in order to make the atomistic thermodynamic analysis tractable to the problem at hand: TABLE II. Estimated ionization energies at T = 0 K of isolated antisite and vacancy defects in GaAs." Energies are with respect to the conduction-band minimum for donors and the valence-band maximum for acceptors.
Defect
Ionization ( 1) The enthalpy of formation of isolated, neutral vacancies in GaAs [i.e., AH,( I?oa) = 2.31 eV and AHf( I"&) = 2.31 eV] are estimated from the microscopic cavity model (MCM) .20,22
(2) The enthalpy of formation of an isolated, ionized vacancy in GaAs [i.e, AH,t( V&) and AH,-( VLS))l is estimated*' as the sum of the enthalpy of formation of a neutral vacancy and the electronic contribution; the electronic contribution is related to the ionization energy of the vacancy. The assumed ionization energies for isolated vacancy and antisite defects are listed in Table II . The explicit atomistic thermodynamic equations used to calculate the total enthalpy of formation of an isolated, ionized vacancy are listed in Table III . Note that the position of the Fermi level, as well as the ionization energy of the defect, must be known in order to establish the electronic contribution to the enthalpy of formation. The enthalpies of formation of neutral or ionized, isolated vacancies in GaAs are listed in Table IV for three Fermi-level positions, EC, E,, Ev, corresponding to the conduction-band minimum, the intrinsic level, and the valence-band maximum, respectively.
TABLE III. Summary of the thermodynamic expressions used to calculate the enthalpies of formation of isolated antisite and vacancy defects in GaAs.',b AH, denotes the disorder contribution to the enthalpy of formation.
Defect Charge state
Expression used to calculate AH,. (3) The disorder contribution to the enthalpy of formation of an isolated, neutral antisite defect [i.e., AHo and AHo( is that calculated20~22124 from the Phillips-Van Vechten two-band dielectric model. These values are equal to the enthalpy of formation of the neutral antisite defect and are listed in Table IV . (4) The enthalpy of formation of an isolated, ionized antisite defect [i.e., AH&4s ), AHJ& ), AHf(B,$ ), and AH,-(Bi+ )] is estimated** as the sum of the disorder and electronic contributions. The electronic contribution is related to the ionization energies of the isolated antisite defect which are listed in Table II . The explicit atomistic thermodynamic equations used to find the total enthalpy of formation for an isolated antisite defect are collected in Table III . Note that only the Fermi-level position is required to find the electronic contribution of the enthalpy of formation of the full ionized antisite defect, whereas the antisite ionization energies are required to determine the electronic contribution for the neutral or partially ionized antisite defect.
(5) The binding energy of an ionized, intrinsic defect is found25 using the fully screened point charge Coulombic energy as an estimate of the electronic contribution to the binding energy,
12 where Z, and Z2 are the charges of the respective point defects being considered, r12 is the equilibrium separation of the two point defects assuming they occupy ideal lattice sites, and E is the dielectric constant. Assuming E = 13.1 for GaAs, e&t = 0.45 eV, Efot, = 0.39 eV, Ez,",$ = 0.23 eV, and E$i,"t = 0.19 eV for first through fourth-nearestneighbor defect separation, respectively. (6) The binding enthalpy of a neutral divacancy AHJ Vo,F'i,), is 0.98 eV, as estimated20'25 from the MCM model. We assume the divacancy to have a neutral charge state, V,& V&, for all Fermi-level positions considered; this assumption is motivated by the association of charged species, as discussed below. The enthalpy of formation of the neutral divacancy is found to be 1.83 eV and is calculated according to the following expression: (7) The enthalpy of migration, AH,,,, is estimated20T26 via the ballistic model (BM) of atomic migration. The migration enthalpies for GaAs from the BM are as follows: AH","(Ga) = 0.91 eV, AH$'"(Ga) = 2.41 eV, AH","(As) = 0.97 eV, and AH$"(As) = 2.59 eV, where the superscript indicates nearest-or second-nearestneighbor hopping and the parentheses indicate which atom hops.
It is appropriate to make several comments regarding the assumptions of the present analysis. Perhaps the most difficult aspect of defect energetics calculations is to accurately account for the binding enthalpy of a defect complex. Binding enthalpy is the difference in enthalpy between the isolated point defects which comprise a defect complex and the enthalpy of the defect complex itself. For a stable defect complex, the enthalpy cost of the defect complex should be less than that of the isolated defect complex constituents. In general, the binding enthalpy can be expressed as a sum of various contributions, Affb= AHelectronic + AHdisorder + AHelastic,
where the subscripts describe the nature of the binding energy contribution. The electronic contribution to the binding energy may be estimated from total energy calculations in which exchange and correlation are included.*' The disorder term accounts for local fluctuations in the band gap due to antisite disorder;20122124 when defect complexes involving antisite defects form, the disorder contribution should differ from that of isolated antisites. The elastic contribution arises from mechanical, strain energy due to the formation of a defect complex. Since Ga and As atoms are almost identical in size, the elastic contribution in GaAs should be relatively small. All three of these contributions will lead to a certain amount of relaxation or reconstruction in which the defect complex constituents, as well as the neighboring atoms surrounding the complex, occupy positions different from their ideal lattice sites.
Having discussed the subtleties of properly accounting for the binding enthalpy, we reiterate that our treatment of the binding enthalpy involves accounting for the Coulombit contribution to the electronic binding energy using the fully screened, unrelaxed, point-charge approximation and the MCM treatment to account for the divacancy binding energy.
Other assumptions implicit in our atomistic thermodynamic formulation are with regard to the ionization state and energy of isolated and complexed point defects. With regard to the ionization state, we make the simplest possible assumption,28 motivated by simple chemical intuition, that column-III cation and column-V anion vacancies behave as single acceptors and donors, respectively; likewise, cation-on-anion site and anion-on-cation site antisites are presumed to be double acceptors and donors, respectively. Clearly, considerations such as negative U imply that such assumptions must be made with caution; indeed, other workers have concluded29 that there are a multiplicity of charge states associated with isolated and complexed point defects in GaAs. Our view is that the chemical intuition assumptions should be employed until experimental analysis forces one to abandon them. The experimental situation regarding the ionization state of isolated point defects in GaAs favors the simple chemical intuition assumptions. 2't29-32 The isolated point-defect ionization energies for GaAs as listed in Table II are subject to some uncertainty. It will be shown, however, that the main conclusions regarding self-diffusion trends do not sensitively depend on the precise position in energy of these ionization levels.
A related concept that we frequently employ in this analysis in a qualitative manner is the idea of the association of charged defects as formuiated2* by Kroger. If two defects are oppositely charged and occupy nearby lattice sites, the enthalpy of formation of the two-defect complex is reduced in comparison with the sum of the enthalpy of formation of the two isolated defects by a binding energy which is approximately that estimated by the fully screened point-charge Coulombic interaction energy. Additionally, the ionization energies of these two defects are pushed towards their respective band edges by an amount equal to this Coulombic interaction energy. Thus, association of oppositely charged defects results in a perturbation of the ionization energies of the isolated defects which we can estimate semiquantitatively. For example, the saddlepoint-charge states denoted by asterisks in Table VI are those expected when the association of oppositely charged defects is considered. If nearby ionized defects possess similar charge states, we can estimate the last-to-ionize defect ionization energy as increased by the extra Coulombic interaction energy due to the neighboring ionized defect.
The final assumption made in this analysis is that the position of the Fermi level is known. The Fermi-level position determines the charge state of the intrinsic point defects present and is itself established from the condition of charge balance at a given temperature. Thus, the only temperature dependence in this formulation is the implicit dependence associated with the Fermi-level position.
III. SELF-DIFFUSION ENERGETICS
A. Activation enthalpy analysis A summary of the self-diffusion energetics is presented in Table V in which the enthalpy of activation AHA for the saddle-point configuration is estimated for the diffusion aA or B denotes the rate-determining saddle point, as shown in Fig. 4 .
mechanism of interest. The enthalpy of activation is assumed to consist of a sum of the enthalpy of formation of the saddle-point-defect complex plus the relevant migration enthalpy as estimated from the ballistic model. A summary of the thermodynamic expressions used in the selfdiffusion analysis is given in Table VI . Notice that we consider only vacancy migration modes in our analysis. Although our list of migration modes is not exhaustive, most of the commonly proposed III-V vacancy selfdiffusion mechanisms have been considered. Before discussing the conclusions evident from an analysis of Table  V , a short description of these self-diffusion mechanisms and their energetics is given. Diffusion mechanisms denoted 1 and 2 in Table V are conceptually the simplest modes of vacancy self-diffusion possible in a compound semiconductor since atoms remain on their own sublattice when they undergo second-nearestneighbor hopping (2nnh) as shown in Fig. 1 . The energetits of 2nnh are quite simple, as evident from Table VI , and consist of the sum of the enthalpy of formation of the vacancy in a charge state determined by the Fermi-level position, and the migration enthalpy required for an atom on the same sublattice to accomplish a 2nnh to fill the vacancy.
Diffusion mechanisms 3 and 4 are those proposed" by Van Vechten and involve the creation and annihilation of antisite defects around a sixfold ring in order to accomplish vacancy migration without propagating a path of antisite disorder. The saddle-point configurations for cation and anion vacancy nearest-neighbor hopping (nnh) around a sixfold ring are shown in Fig. 2 . The energetics are quite complicated and strongly Fermi-level dependent, as evident from Tables V and VI. Note that nnh involves the movement of atoms of both sublattices as the antisite disorder is created and annihilated in the 1 l-stage process.
We consider two modes of divacancy diffusion which are denoted 5 and 6 in Table V. These diffusion modes are illustrated in Figs. 3 and 4 . Note that mechanism 5 is illustrated with the divacancy diffusion initiated by As 2nnh; this type of divacancy diffusion could also be initiated by Ga 2nnh, but the saddle-point configuration is energetically less favorable. Also note that two saddle points, labeled A and B in Fig. 4 , are present in mechanism 6, which is due to the fact that both types of atoms hop during this migration mode. Now that the diffusion mechanisms and their energetits have been briefly summarized, an assessment of the most probable diffusion mechanism in terms of an enthalpy of activation analysis may be undertaken. It is evident from Table V that the energetics of self-diffusion strongly depend on the Fermi-level position and thus on the charge state of the defect complexes participating in self-diffusion. In terms of the considerations of the previous section, this is further evidence of the importance of the electronic contribution to the enthalpy of formation of defects. According to the estimates given in Table V , the most probable self-diffusion mechanism (i.e., the mechanism with the minimum AH,) is seen to always involve 2nnh; Ga diffusion predominates when the Fermi level is near EC whereas As diffusion predominates when the Fermi level is near Ev When the Fermi level is near the middle of the band gap, Ga diffusion by 2 nnh is most energetically favorable but As diffusion by 2 nnh has a AH, of nearly the same magnitude and, therefore, cannot be ruled out as a possible self-diffusion mechanism. The clear trend evident from Table V is that self-diffusion in n-type GaAs is predicted to proceed by Ga 2nnh whereas p-type self-diffusion occurs by As 2nnh. An energetic assessment, as given in Table V , indicates that nnh, involving either single vacancies or divacancies, is not an energetically favorable selfdiffusion mechanism. Certain self-diffusion trends observed experimentally (cl are compatible with the conclusion that 2nnh predominates. Note that the activation enthalpy for 2nnh is -34 eV, in agreement with that reported by many researchers, as shown in Table I . As reviewed' by Deppe and Holonyak, annealing experiments of QWHs indicate that under As-rich conditions intermixing occurs for n-type materials whereas p-type QWHs remain stable and exhibit no intermixing. This trend is compatible with the energetic assessment as follows. From stoichiometric considerations and from Table IV it is evident that Vo, formation is favored under n-type, As-rich conditions; it is also clear from Table  V that Ga 2nnh predominates under these conditions. Certain other self-diffusion trends are incompatible, however, with the conclusion that 2nnh predominates. (e> no intermixing occurs when the doping is n type. Under As-poor, p-type conditions V,, formatton is favored according to Table IV and As 2nnh should predominate according to Table V . As 2nnh is not a viable mechanism for accounting for QWH intermixing under As-poor, p-type conditions, however, since such intermixing is monitored by cation diffusion' whereas As 2nnh occurs exclusively on the anion sublattice. While the atomistic thermodynamic estimates of saddle-point activation enthalpies provide some insight into the nature of QWH intermixing, a detailed understanding of these phenomena requires a consideration of the migration of the dopant species also. For example, Mei et al. quote15 values of the activation energy for Al interdiffusion in AlAs/GaAs super-lattices of 4, 2.9, and 1 eV for Si-, Te-, and Zn-doped materials, respectively. The activation energies for Si and Te, both n-type dopants, are comparable with that given in Table V for Ga diffusion by 2nnh and it is possible that differences in the activation energy are at least partially attributable to differences in the Fermi-level position as implied by Table V. However, the 1-eV activation energy for Zn diffusion is definitely incompatible with values given in Table V . For Zn diffusion it appears that the migration of Zn itself by an interstitial-substitutional mechanism, as reviewed in Ref. 9, is the rate-limiting process which determines the impurityinduced intermixing. Note that the BM value for the enthalpy of migration of a Zn atom in GaAs is 0.77 eV for hopping into a hexagonal interstitial site and 1.13 eV for Zn hopping into a body-centered interstitial site.
EL Activation entropy analysis
The self-diffusion energetic analysis up to this point has indicated that 2nnh is the most probable mode of selfdiffusion in GaAs. This conclusion is at odds, however, with certain self-diffusion trends and with the self-diffusion analysis" of Tan and Giisele who deduce an activation energy of 6 eV for intrinsic material in contrast to our value of 3.97 eV for Ga 2nnh. Note that this 6-eV activation energy does not correspond to any of the AHA's listed in Table V , although it is reasonably close to mechanism 5, divacancy diffusion by 2nnh.
To further investigate the mechanism of self-diffusion in intrinsic GaAs we adopt a different strategy and undertake a thermodynamic analysis of the prefactor Do. The prefactor may be alternatively expressed33 in terms of an entropy of activation As,, which is given as (10) where a is the lattice parameter (5.6533 A), f is the correlation factor (l/2), and YD is the Debye frequency (7.17X lo'* s -') which we use to approximate the attempt frequency. Employing these values and using Do = 2.9 x IO* cm*s-' as deduced" by Tan and Giisele in Eq. (10) leads to ASO/ks = 26, an extraordinarily large value of the entropy of activation. Alternatively, adopting Do = 7 X 10 -* cm* s -' as reported4 by Kendall gives &.SJks = 6.2 whereas Do = 4.6 x 10 -5 cm2 s -* as A discussion of some of the issues involved in estimating measured "' by Palfrey et al. yields AS, /k, ASf may be found in Refs. 37-39. Assessment of AS, is accomplished using the formulation33'34 of Dobson et al. and Wager. In general, the activation entropy can be envisaged as a sum of three contributions, As,=As, + Asj+ As,,
where AS,,,, ASj, and ASf are, respectively, the entropy of migration, ionization, and formation. The entropy of migration is given by33*34
where S,$ is the saddle-point entropy of the atom undergoing hopping and is given by
With these estimates of AS,,,, ASi, and AS,+ we attempt to rationalize ASO/kB = 26 as deduced" by Tan and Giisele. Consider the six self-diffusion mechanisms listed in Tables V and VI. Note that mechanisms 1, 2, and 5 do not involve ionization of the diffusing specie. Thus, AS, for these mechanisms is just the sum of AS,n and ASf which gives AS,/k, Z 6 for mechanisms 1 and 2 whereas AS,/kB = 9 for mechanism 5. Thus, mechanisms 1, 2, and 5 are not compatible with the activation entropy deduced" by Tan and Gosele.
In contrast, mechanisms 3, 4, and 6 involving nnh explicitly depend upon carrier ionization and capture and thus possess an ASj contribution. The saddle-point configuration for mechanism 3 can be described by the following defect reaction in its most common charge state:
where e= 2.718, m is the mass of the hopping atom, V is the hopping volume which, for nnh, we take to be the volume occupied by two nearest neighbors, and KE, is the minimum kinetic energy required for hopping according to the ballistic mode1.34 The vibrational entropy is given by33
Evaluating Eqs. (12)- ( 14) at a temperature of 900 "C, which is near the middle of the temperature range considered" by Tan and Gosele, the entropy of migration is found to be AS,/kB= 3.
We will use this as an estimate of the migration entropy for nnh or 2nnh of Ga or As. The masses of Ga and As are very similar so there is very little difference in AS, regardless of which atom hops. Likewise, AS, for nnh and 2nnh are very similar according to the above theory since the difference in AS, is reflected in the hopping volume and the minimum kinetic energy for hopping which are weakly (logarithmically) related to AS,. We assume33Q35 that the ionization entropy for each ionization process is given by the full entropy of the band gap, Mi( T) =A&,( T) =aT(T + W/t 7-f P)*,
where a = 5.405 x 10e4 eV/K and fi = 204 K.36 Using these values for a and p at a temperature of 900 "C gives hS,JkB-, 6.
As a crude approximation,33 we assume the entropy of formation of Ga or As vacancies in GaAs to be ASf/kB;=: 3.
V,+,+As& + V,-,+2h+.
As hop (19) To first order, the ionization entropy for this defect reaction is ASi/kB = AS, JkB z 6 (i.e., one band-gap entropy). This estimate is in accordance with the assertion*' of Van Vechten that, for example, ASi( V&) E ASj(h + ) and ASi( V,-,) z ASi( e -) . Likewise, mechanisms 4 and 6 may be likewise described by
SO that ASi/kB N 6. Thus, the saddle-point ionization entropy for mechanisms 3, 4, and 6 is ASi/kB =: 6. In order to estimate the total activation entropy for these mechanisms, we must account for two more contributions to the activation entropy. In the remainder of this discussion, we consider only single-vacancy nnh. The first additional contribution to the activation entropy is the configurational entropy associated with the multiplicity of ways of realizing the saddle-point configuration. The configurational entropy for singlevacancy nnh is AS,&k, = ln(2) (12) = 3.2, where 12 arises from the number of possible sixfold rings accessible to an incident, isolated vacancy, and 2 accounts for the fact that hopping around the sixfold ring can occur in either of two directions. The second additional contribution to the activation entropy is due to the formation entropy associated with the antistructure disorder that occurs along the sixfold ring at the saddle-point configuration. It is difficult to estimate the entropy of this defect complex. This entropy will be mainly due to ionization with a small amount associated with atomic positional disorder. As a very crude estimate, assume each of the five antisites contributes 1 k, to the activation entropy.
Summing up all of these contributions to the activation entropy results in AS,/kB = 20 for single-vacancy nnh, mechanisms 3 and 4. Although this value is not in accurate quantitative agreement with AS,/k, as deduced" by Tan and Gosele, it is an admittedly crude estimate which does illustrate that a large activation entropy is expected for nnh. Now consider the entropies of activation AS,/k, = 6.2, -3.4 as determined4'~* by Kendall and Palfrey et al., respectively. As mentioned above, AS,/kB E 6 for mechanism 1, Ga diffusion by 2nnh which is in good agreement with that reported4 by Kendall but is significantly larger than that deduced&* by Palfrey et al. The essential point, however, is that the activation entropy for 2nnh is expected to be much less than that for nnh.
The energetics of self-diffusion in GaAs has been discussed in terms of atomistic thermodynamic modeling of vacancy modes of self-diffusion. The activation enthalpy analysis led to the conclusion that, if vacancies are available in thermodynamic equilibrium concentrations, selfdiffusion should occur by Znnh. Our assessment of the energetics of 2nnh is consistent with reported activation energies of -3-4 eV and is compatible with As-rich, n-type QWH annealing trends in which intermixing is attributed to cation vacancy 2nnh. Our analysis predicts Aspoor, p-type QWH intermixing to be due to As 2nnh; this is clearly not the case because intermixing is found to occur on the cation sublattice.
Additionally, an activation entropy analysis has been performed. The primary conclusion of this analysis is that "normal" activation entropies (i.e., entropies associated with prefactors of order 10 -'-lo-i cm2 s -' and with activation energies -3-4 eV) are compatible with 2nnh whereas "abnormally large" activation entropies (i.e., entropies associated with prefactors of order 107-lo* cm2 s -' and with activation energies -6 eV> are more compatible with nnh.
When the conclusions obtained from the activation enthalpy and entropy analyses are considered together with experimentally established self-diffusion and QWH annealing trends, it2 is tempting to identify large prefactors (--107-10* cm s-i) and large activation energies ( -6 eV) as arising from nnh whereas small prefactors ( -10 -5-10 -'cm2 s -' ) and small activation energies ( -3-4 eV) as due to 2nnh. There is a problem, however, with this identification. From Table V it is difficult to understand why diffusion should ever occur by nnh around a sixfold ring because of the unfavorable energetics. The primary point of Table V is that if vacancies are available in equilibrium concentrations the energetic assessment favors vacancy 2nnh as the dominant mode of self-diffusion.
The key issue implicitly assumed in the previous analysis is that vacancies are available in equilibrium concentrations. Another assumption implicit in the vacancy formation energetic assessment is that vacancies are created at nearby surfaces or dislocations and exist in a state of local equilibrium. Recent work40,41 by Guido et al. and Ourmazo et al., for example, indicate that this surface-vacancy creation, local equilibrium assumption is often invalid and that interdiffusion is strongly depth dependent due to the lack of native point defects in the bulk required to mediate self-diffusion.
With this in mind we propose42 that in self-diffusion or interdiffusion situations in which diffusion occurs in a bulk region remote from surfaces and dislocations, a new vacancy can be created only as a Frenkel pair, i.e., a selfinterstitial-vacancy pair. Self-diffusion by Frenkel pair formation (i.e., an enhanced solubility of the cation selfinterstitial) has previously been invoked9*43 by Deppe et al. to account for QWH interdiffusion trends in which intermixing occurs under p-type, As-rich conditions. Employing Van Vechten's method2' for estimating the formation enthalpy of such a neutral Frenkel pair,
where Ai and Bi refer to a cation or anion self-interstitial, respectively, Eg refers to the dielectrically averaged band gap, and Z is the valence of the element which becomes the self-interstitial. This leads to AH,(Gaf) = 7.8 eV and AHf(As;) = 13.0 eV. Note that Eq. (21) is not expected to hold better than =t20%.20 Thus, according to this estimate it is feasible that self-diffusion or interdiffusion experiments with measured activation energies of -6 eV are dominated by cation Frenkel pair formation. In other words, deep in the bulk Ga vacancies are created by Frenkel pair generation. The generated Vo, would then be available to mediate self-diffusion, presumably by Ga 2nnh. The large energy associated with the formation of the selfinterstitial would preclude a Gai from existing in an equilibriumlike manner so that it would be expected to be highly mobile and, thus, it could travel large distances before it is annihilated at a vacancy. Large diffusion distances would also be expected because of the small trapping cross section of an interstitial by a vacancy due to the large amount of energy that needs to be dissipated in the interstitial-vacancy annihilation.
Note that the energy of formation of an anion Frenkel pair is exceedingly large, according to the theory2' of Van Vechten.
Before it can be confidently concluded that Frenkel pair formation is indeed the mechanism responsible for self-diffusion and interdiffusion processes with activation energies of -6 eV, it is necessary to justify that Frenkel pair mediated self-diffusion can account for the associated abnormally large prefactor of -lo* cm2 s -'. Although this issue remains to be resolved in detail we note that Fujita has developed" a statistical mechanical theory of fast interstitial diffusion in metals and he discusses prefactors of abnormally large magnitude. Specifically, he attributes Do = lo6 cm* s -' for Kr diffusion in KC1 to interstitial diffusion of neutral Kr. In analogy to his identification, interstitial diffusion of neutral selfinterstitials could give rise to prefactors of abnormally large magnitude.
IV. CONCLUSIONS '3, S. Blakemore, J. Appl. Phys. 53, 520 (1982) .
An atomistic thermodynamic formulation for the energetics of self-diffusion in GaAs is presented. Selfdiffusion involving vacancy migration modes is given primary emphasis, although Frenkel pair formation is also briefly considered. Our list of vacancy migration mechanisms is not exhaustive; for example, we do not treat selfdiffusion by trivacancies as proposed45 by Van Vechten and Schmid. We conclude that if vacancies are available in equilibrium concentrations (in other words, if local equilibrium is maintained by the creation of vacancies at nearby surfaces and dislocations), vacancy 2nnh is always predicted to be the most favorable mechanism of selfdiffusion. Self-diffusion by vacancy 2nnh is compatible with prefactors of magnitude -1O-5-1O-' cm2 s-* and activation energies -3-4 eV. The energetics of selfdiffusion depends strongly on the Fermi-level position and thus on the charge states and ionization energies of the defect complexes involved in self-diffusion. When the Fermi level is near the conduction-band minimum, Ga diffusion by 2nnh is predicted to dominate. In contrast, As diffusion by 2nnh is predicted to have the minimum AH, when the Fermi level is near the valence-band maximum. When the Fermi level is near the middle of the bandgap, 2nnh by Ga and As are almost equivalent energetically and possess the smallest AH,? of the mechanisms considered. These observations are consistent with certain selfdiffusion trends as reviewed' by Deppe and Holonyak.
It is proposed that Ga self-diffusion or interdiffusion processes which are characterized by large prefactors ( -107-lo* cm* s -' ) and activation energies ( -6 eV) involve cation Frenkel pair formation. This mode of selfdiffusion is expected to be dominant when surface vacancy generation is precluded and vacancies can only be generated in the bulk of the semiconductor by the creation of an interstitial-vacancy pair. Although nnh can also account for very large prefactors and activation energies, we prefer to invoke Frenkel pair formation because our energetic estimation indicates 2nnh to be always more energetically favorable than nnh if vacancies are available to mediate self-diffusion.
